The sound power level is used for quantitative evaluation of sound energy radiated from electrical and mechanical apparatus. Procedures for measuring the sound power level are categorized into the ISO 3740 series (such as ISO 3745 [1]) on the basis of measurement principle, environment, and accuracy. Among them, practical procedures involve the use of a reference sound source (RSS) with a predetermined sound power level, and an apparatus under test can be easily calibrated in comparison with the RSS. The RSS has stable and broad-band sound power output. Requirements for its performance and calibration procedure are prescribed in ISO 6926 [2] . Thus precise calibration of the RSS is essential for end-users to establish reliable sound power measurement.
Introduction
The sound power level is used for quantitative evaluation of sound energy radiated from electrical and mechanical apparatus. Procedures for measuring the sound power level are categorized into the ISO 3740 series (such as ISO 3745 [1] ) on the basis of measurement principle, environment, and accuracy. Among them, practical procedures involve the use of a reference sound source (RSS) with a predetermined sound power level, and an apparatus under test can be easily calibrated in comparison with the RSS. The RSS has stable and broad-band sound power output. Requirements for its performance and calibration procedure are prescribed in ISO 6926 [2] . Thus precise calibration of the RSS is essential for end-users to establish reliable sound power measurement.
In ISO 6926, the RSS is calibrated in a hemi-anechoic or reverberation room. From the point of accuracy, we decided to use a hemi-anechoic room. However, we have access to only an anechoic room, but a hemi-free-field is realized by laying down wooden boards on the wire-meshed floor of the anechoic room. It is difficult to lay down boards with high surface density owing to the load capacity of the wire-meshed floor, even though ISO 3745 requires that the absorption coefficient of the reflecting plane should be less than 0.06 for the frequency range of interest.
A previous study on calibration of the RSS revealed that there is no significant difference between a solid concrete and a lightweight wooden floor when determining the sound power level [3] . However, no detailed description has been found of the surface density of the floor and the influence of the surface density on the sound power level. Thus, we investigate sound power transmitting through the wooden board floor quantitatively.
In this work, we formulate the sound power transmitting through the floor, using the mass law. By using the derived formulae, we examine the dependence of the transmitted sound power on the surface density of the floor. Then experimental results obtained with our calibration system are compared with theoretical values. Figure 1 shows the schematic of our calibration system to determine the sound power level The sound power level of the RSS is determined from the surface sound pressure level. We designed the hemispherical frame to realize a measurement surface with the radius of 2.0 m [5] . The RSS is set on the floor at the center of the frame. Twenty WS2F microphones [6] (MI-1234, Onosokki) are fixed to the frame using microphone holders and connected to preamplifiers (MI-3111, Onosokki). The output voltage of each microphone is acquired simultaneously by a 20 ch FFT analyzer (DS-2000, Onosokki). A PC automatically controls the FFT analyzer and calculates the sound power level.
Calibration system

Formulation of sound power transmitting through floor
We theoretically investigate the sound power transmitting through the floor in our system. The RSS is modeled as a point source located at the geometric center of the RSS. The RSS and floor are depicted in Fig. 2 .
S denotes the projection of the hemispherical measurement surface on the floor, with radius r of 2.0 m, as described above. d is the distance between the geometric center of the RSS and the floor. W trans is the sound power transmitting through S and is expressed as
where is the transmission coefficient of sound power for sound with incident angle , I is the sound intensity, and n is the unit vector normal to S. We assumed that sound power is not absorbed within the floor, considering the thickness of the floor.
Equation (1) can be rewritten by introducing polar coordinates with the origin at the position of the point source. As shown in Fig. 2 , the area S corresponds to S 0 on the spherical surface of radius R and sound intensity magnitude IðRÞ is written as
where W 0 is the total sound power radiated from the point source. The area element dS 0 in area S 0 is written as
where ' is the azimuthal angle in polar coordinates. Thus Eq. (1) is changed to
where max is uniquely defined by r and d as tan À1 ðr=dÞ for the same type of RSS. Equation (4) also implies that W trans does not depend on R. Thus we do not discuss the dependence of W trans on R and max .
From the mass law [7] , the transmission coefficient for a plane wave of incident angle is given by
where ! is the angular frequency of the sound, m is the surface density of the floor, is the density of air and c is the sound speed in air. From Eqs. (4) and (5), we derive the formulae of sound power transmitting through the floor as a function of surface density of the floor:
The sound power to be observed at the hemispherical measurement surface is expressed as
Finally, the following formula is derived.
L W ratio represents the ratio of the sound power observed at the measurement surface relative to the total sound power radiated from the point source. The sign of L W ratio is changed for convenience. Figure 3 shows the theoretical relationship between L W ratio and the surface density of the floor. At frequencies less than or equal to 1 kHz, L W ratio increases as frequency decreases. L W ratio also increases as surface density decreases. On the other hand, at frequencies over 1 kHz, L W ratio is about 0.01 dB, which is negligible, independent of surface density and frequency.
Experimental results
Using Eq. (8), we experimentally examine the dependence of the transmitting sound power on the surface density of the floor. However, practically, the only quantity we can measure is W measure j m and W 0 cannot be experimentally obtained. To cancel out the influence of W 0 , we performed For each surface density, sound power was measured three times at intervals of 15 minutes and averaged. The standard deviation of the sound power was less than 0.04 dB for all frequencies. The environmental conditions during measurement were 23:3 AE 0:2 C temperature and 100:0 AE 0:1 kPa static pressure. Figure 4 shows that experimental results are mostly in good agreement with theoretical values within 0.1 dB, except at 100 Hz where the difference between theoretical and experimental results is 0.2 dB. Figures 3 and 4 show the following findings. At frequencies over 1 kHz, Fig. 3 shows that, theoretically, the transmitting sound power is negligible for the surface density of the wooden board floor in our calibration system and the experimented result in Fig. 4 validated this hypothesis. Thus above 1 kHz, the sound power level determined in our system is not influenced by the surface density of the floor.
Discussion
From 125 Hz to 1 kHz, Fig. 4 showed that experimental results are in good agreement with theoretical values and that the transmitting sound power does increase as the surface density of the floor decreases. This means that the transmitting sound power can be theoretically estimated and that the sound power measured in our system can be corrected for precise sound power calibration.
At 100 Hz, Fig. 4 showed that there is an unexpected discrepancy of 0.2 dB between the experimental and theoretical results. One possible reason for this discrepancy might be the assumption of the mass law in deriving Eq. (5); the mass law assumes an infinite surface, whereas the actual floor is finite. At frequencies less than or equal to 100 Hz, however, the wavelength of the sound becomes longer than the distance between the RSS and the floor edge. Sound diffraction at the floor edge might cause the discrepancy between the experimental and theoretical results. Further study is needed to determine the sound power transmission at 100 Hz more accurately, but this discrepancy is practically acceptable.
Furthermore, we examined the influence of floor vibration on the sound power level [5] . The RSS is physically isolated from the floor by hanging it from the ceiling of the anechoic room using fine steel wires. The surface density of the floor is 15.0 kg/m 2 . We concluded that the influence of floor vibration is less than 0.1 dB for all frequencies. This means that the influence of floor vibration is not significant in our system.
Conclusion
The sound power transmitting through the floor was formulated using the mass law and verified by experiment. The wooden board floor in our system is not acoustically rigid but it was confirmed by experiment that the sound power transmission can be theoretically corrected. 
